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SYSTEMS AND METHODS FOR
RECONFIGURING SCAN CHAINS

CROSS REFERENCE TO RELATED
APPLICATION

This application 1s a utility application that claims the
benelit of and priority to U.S. Provisional patent application
Ser. No. 60/638,071, which was filed on Dec. 21, 2004, and

which 1s incorporated herein by reference.

BACKGROUND

The cost of testing an 1ntegrated circuit (IC) during manu-
facture 1s proportional to the length of the tests used. That 1s,
the cost 1s proportional to the number of tester cycles used to
apply test patterns to the IC. The length of the test patterns
applied to a scan-testable circuit, 1.e., an IC 1n whach flip-tlops
can be arranged into one or more serial scan chains, 1s a
function of the length of those scan chains. For example, the
longer the scan chains, the more tester cycles are required to
{111 them with stimulus data and to unload response data.

One solution used to reduce the length of test patterns 1s to
use shorter scan chains, ¢.g., the scan chains depicted in FIG.
1. Unfortunately, the use of shorter scan chains results 1n an
increase in the number of scan chains used. This can be

problematic because each scan chain typically requires its
own data input pins, e.g., SCAN IN, through SCAN IN_, and

data output pins, e.g., SCAN OUT, through SCAN OUT, .
Given that ICs have limited numbers of pins, restrictions are
placed on the number of scan chains that can be used. Thus,
the degree of parallelism of scan chains that can be employed
to reduce test costs also 1s restricted.

A technique for reducing the number of pins used for
multiple scan chains 1nvolves several of the scan chains shar-
ing a single data mput pin. As shown 1n the example of FIG.
2, scan chains 0, through N, receive mput data from the
SCAN IN pin. This configuration provides the same data to
tlip-flops that occupy the same relative positions. For
instance, flip-tlops 0,, 1, . . . N, recerve the same data. The
data outputs of the scan chains also may be compressed, such
as by using a multiple input signal register (MISR ). The above
technique 1s known 1n the literature as the “Illinois scan”™
technique.

As noted above, the sharing of scan input data among
multiple scan chains results 1n the “nth” tlip-tflop of each of
the parallel scan chains having the same data bit. This can
impose undue restrictions on the variety of data patterns that
can be loaded into the IC and may reduce fault coverage.

SUMMARY

Systems and methods for reconfiguring scan chains are
provided. A representative embodiment of such a system
comprises a {irst scan chain of flip-flops operative 1n either a
normal mode or a rotate mode such that, it the first scan chain
1s operative in the normal mode, mputs are provided to the
flip-flops 1n sequential order with a first of the tlip-tlops
receiving an mput prior to a second of the flip-tlops, and, if the
first scan chain 1s operative in the rotate mode, inputs are
provided to the tlip-tlops with the first of the flip-tlops recerv-
ing an iput subsequent to the second of the tlip-tlops.

A representative embodiment of a method for reconfigur-
ing scan chains comprises: providing an integrated circuit
having a first scan chain and a second scan chain operative in
parallel such that flip-flops of the first scan chain and the
second scan chain that occupy corresponding data positions
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contain 1dentical scan mput data; and selectively reconfigur-
ing the second scan chain such that tlip-tflops of the first scan
chain and the second scan chain that occupy corresponding
data positions do not contain 1dentical scan mput data.

Another representative embodiment of a method for recon-
figuring scan chains comprises: providing a first scan chain of
tlip-flops; determining whether the first scan chain 1s to be
operated 1n erther a normal mode or a rotate mode; providing
inputs to the tlip-tflops 1n sequential order such that a first of
the thip-tflops receives an mput prior to a second of the tlip-
tflops 11 1t 1s determined that the first scan chain 1s to operate 1n
the normal mode; and providing inputs to the flip-tlops such
that the first of the tlip-tlops recerves an input subsequent to
the second of the flip-tlops 1f 1t 1s determined that the first scan
chain 1s to operate 1n the rotate mode.

Other systems, methods, features and/or advantages will
be or may become apparent to one with skill 1n the art upon
examination of the following drawings and detailed descrip-
tion. It 1s intended that all such additional systems, methods,
features and/or advantages be mncluded within this descrip-
tion and be protected by the accompanying claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The components in the drawings are not necessarily to
scale relative to each other. Like reference numerals designate
corresponding parts throughout the several views.

FIG. 1 1s a schematic diagram of several scan chains of a
prior art integrated circuit.

FIG. 21s a schematic diagram depicting several scan chains
ol another prior art integrated circuit.

FIG. 3 1s a schematic diagram of a portion of an embodi-
ment of an itegrated circuit, with the flip-flops of the scan
chains depicted operating 1n a normal mode.

FIG. 4 1s a schematic diagram of the portion of the inte-
grated circuit of FIG. 3, with the flip-flops shown operating 1n
a rotate mode.

FIG. 5 1s a flowchart depicting an embodiment of a method
for reconfiguring scan chains.

FIG. 6 1s a schematic diagram depicting an embodiment of
a scan chain that can operate 1n both a normal mode and a
rotate mode.

FIG. 7 1s a schematic diagram of the scan chain of FIG. 6,
showing an equivalent functional layout of the scan chain
when operating in the normal mode.

FIG. 8 1s a schematic diagram of the scan chain of FIG. 6,
showing an equivalent functional layout of the scan chain
when operating in the rotate mode.

FIG. 9 1s a schematic diagram depicting another embodi-
ment of a scan chain.

FIG. 10 1s a table indicating operational results associated
with fold and rotate operations of scan chains.

FIG. 11 1s a tlowchart depicting functionality of an
embodiment of a scan chain operating system.

FIG. 12 1s a schematic diagram of a computer or processor-
based device that can be used for implementing the scan chain
operating system of FIG. 11.

DETAILED DESCRIPTION

As will be described 1n detail here, systems and methods
for reconfiguring scan chains involve the use of parallel scan
chains that can receive data from a common scan input pin.
This 1s accomplished while enabling the bits of data of one of
the scan chains to be arranged 1n a different order than that of
another scan chain. Specifically, bits of data which would
typically occupy relative “nth™ positions in their respective
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scan chains and which would normally receive 1dentical scan
input data would, after being reconfigured, occupy different
relative positions. Therefore, at least the “nth” position flip-
flops of each scan chain could be loaded with different data
values while sharing the same scan input pin.

FIG. 3 1s a schematic diagram depicting two parallel scan
chains of an integrated circuit (IC) that use a common scan
input pin. As indicated by the dashed, double-arrowed lines,
the data on tlip-tlop (0,) 1s the same as the data on flip-flop
(1,), the data on flip-flip (0, ) 1s the same as the data on flip-tlip
(1,), and so forth. Note that various scan out techniques can
be used, such as using a multiple input signal register (MISR)
or exclusive “OR” (X-OR) tree, among others.

Problematically, 11 a component 1s connected between flip-
flops that occupy the same relative positions, e.g., tlip-tlops
(0,) and (1,), such a component may not be able to be prop-
erly tested. By way of example, if the component 1s an AND
gate, the output of the AND gate cannot be tested with inputs
of 0,1 or 1,0. This 1s because the thp-flops provide the same
data to the component, 1.e., 0,0 or 1,1. Note that operation of
the scan chains depicted i FI1G. 3 1s attributable to a normal
mode of operation. A rotate mode of operation of the scan
chains will now be described with respect to FIG. 4.

As shown 1n FIG. 4, the parallel scan chains of FIG. 3 have
been reconfigured such that the tlip-tlops occupying the same
relative positions receive different data. Specifically, the flip-
flop (1,) 1s reconfigured to occupy the data location previ-
ously occupied by flip-tlop (1,,), with the remaining tlip-tlops
of scan chain (1) being virtually shifted to the right as indi-
cated. Thus, flip-flops (0,) and (1,) receive the same data,
thip-tlips (0,) and (1,) receive the same data, and so forth, as
indicated by the dashed, double-arrowed lines. Note that this
results 1n the first flip-flops of the scan chains, 1.e., flip-tlop
(0,) and thip-tflop (1,), not receiving the same data.

During testing of an IC that includes scan chains such as
depicted 1n FIGS. 3 and 4, test patterns can be applied to the
IC 1n at least two passes. For instance, one pass can be applied
with the scan chains 1 the normal mode. This tests the IC
under a first set of constraints. One or more of the scan chains
then can be operated in the rotate mode with test patterns
being applied to impose a second set of constraints on the IC.
This potentially enables high quality test to be created that can
be applied 1n a relatively small number of test cycles, since
relatively short scan chains are still being used.

FI1G. 5 1s a flowchart depicting a method for reconfiguring
scan chains. As shown in the embodiment of FIG. 5, the
method may be construed as beginning at block 502, where a
first scan chain of flip-flops 1s provided. In block 504, a
determination 1s made as to whether the first scan chain 1s to
be operated 1n a normal mode or a rotate mode. 11 1t 1s deter-
mined 1n block 504 that the scan chain 1s to operate 1n a
normal mode, mmputs can be provided to the tlip-tlops in
sequential order so that a first of the flip-flops recerves an
input prior to a second of the flip-flops. I, however, the first
scan chain 1s to operate 1n a rotate mode, the process may
proceed to block 508, where inputs are provided to the flip-
tflops so that the first of the flip-tlops recerves an input subse-
quent to the second of the flip-tlops.

FI1G. 6 1s a schematic diagram depicting an embodiment of
an 1C that includes a scan chain that can operate 1n either a
normal mode or a rotate mode. Note 1n FIG. 6 that only one
segment of one scan chain 1s shown, with that segment includ-
ing only 4 tlip-tflops. Clearly, various numbers of scan chains,
cach having various numbers of flip-flips, can be used.

As shown 1n FIG. 6, scan chain 600 receives an input from
a scan mput 602 which, as depicted, also can provide input to
one or more other scan chains (none of which are shown 1n

10

15

20

25

30

35

40

45

50

55

60

65

4

FIG. 6). Scan input data 1s provided to multiplexors 606 and
608. The output of multiplexor 606 1s provided to flip-flops 1
and 2, with the output of thip-tlop 2 being provided to tlip-tlop
3. The output of tlip-tlop 3 1s provided as one of the inputs to
a multiplexor 608. The output of multiplexor 608 1s provided
to tlip-tlop number 4, the output of which 1s provided as the
other iput to multiplexor 606. A rotate enable signal line 1s
attached to each of the multiplexors for switching operation
of the scan chain between the normal and rotate modes. Not
shown 1n FIG. 6 1s another multiplexor in front of the scan
output pin.

In the normal mode of operation, 1.e., when the rotate
enable line 1s not enabled, the scan mput signal 1s provided to
multiplexor 606 and passed to tlip-flops 1, 2 and then 3. The
signal 1s then provided to multiplexor 608 and subsequently
to flip-flop 4. Therefore, the equivalent connectivity dis-
played by scan chain 600 when operating 1n the normal mode
1s as depicted in FIG. 7. Specifically, flip-tlops 1, 2, 3 and 4
receive scan mput data in sequential order. The scan output
pin 1s driven by a multiplexor (not shown) which selects the
output of tlip-tlop 4 in normal mode.

When operating in the rotate mode, 1.e., the rotate enable
line 1s enabled, the scan 1nput signal 1s provided to multi-
plexor 604 then to multiplexor 608, which provides the signal
to tlip-flop 4. From tlip-tlop 4, the signal 1s provided to mul-
tiplexor 606 and then flip-flops 1, 2 and 3, as described before.
Therefore, the equivalent connectivity of scan chain 600
when operated 1n the rotate mode 1s as depicted i FIG. 8,
whereas the scan output pin selects the output of tlip-flop 3 in
rotate mode. Specifically, the “nth” flip-flop, 1n this case
tlip-flop number 4, recerves scan input data before the other
tlip-flops of the scan chain. Note that although 1n the example
embodiment of FIG. 6 only one flip-tlop has been reordered
with respect to the others, 1n various other embodiments, the
relative positions of various other numbers of flip-tlops can be
changed.

Another embodiment of a scan chain 1s depicted schemati-
cally mn FIG. 9. In the embodiment of FIG. 9, two scan
segments are shown. Specifically, scan chain 900 includes a
first scan segment 902 and a second scan segment 904, each of
which includes four tlip-tlops. In particular, scan chain seg-
ment 902 includes flip-flops 1, 2, 3 and 4, and scan chain
segment 904 includes flip-tlops S, 6, 7 and 8. Note that
although only one scan chain 1s depicted, various other
embodiments could be arranged in parallel as described
betore.

Scan mput 910 1s electrically connected to flip-tlop 1,
which 1s connected to flip-tlop 2, tlip-tlop 2 1s connected to
tlip-flop 3, and tlip-tlop 3 1s connected to flip-tlop 4. Flip-flip
4 provides its output to a multiplexor 912. Scan input 910 also
provides an input to multiplexor 912, with the output of
multiplexor 912 being provided as an mput to multiplexor
918. A fold enable line also 1s connected to multiplexor 912 so
that when the fold enable line 1s enabled, the scan input 1s
provided to multiplexors 916 and 918. However, when the
fold enable line 1s not enabled, the output of the scan registers
1, 2, 3 and 4 1s provided to multiplexors 916 and 918. The
output of multiplexor 912 also 1s provided as an nput to
multiplexor 916.

Scan chain segment 904 also includes a multiplexor 918
that recetves an input from the output of multiplexor 912 and
an mput from flip-tlop 7. The output of multiplexor 918 1s
provided as an input to flip-tlop 8, the output of which 1s
provided as an mput to multiplexor 916. The output of tlip-
tflop 916 1s provided as an mput to flip-flop 5, which provides
its output to tlip-tlop 6, which 1n turn provides 1ts output to
tlip-tflop 7. Rotate enable lines are provided to each of the
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multiplexors 916 and 918. Thus, when the rotate enable lines
are enabled, output of multiplexor 912 of the first scan chain
segment 902 1s provided at the output of multiplexor 916. The
output of multiplexor 912 also 1s provided as an output by
multiplexor 918 and provided to flip-tlop 8. Output of flip- 5
flop 8 then 1s provided to flip-flops 5, 6 and 7. When the rotate
enable line 1s not enabled, the flip-flops receive the data 1n
sequential order, 1.¢., tlip-flop 3, then tlip-tlop 6, then tlip-flop

7, then flip-tlop 8.

As can be shown by the embodiment of FIG. 9, when the 10
told enable line 1s enabled, the scan chain 900 1s reconfigured
with scan segments 902 and 904 being 1n parallel, resulting in
multiple shorter scan chains. However, when the fold enable
line 1s not enabled, a single scan chain 1s provided.

Note, the various combinations of fold and rotate function- 15
ality are depicted 1n the table shown 1n FIG. 10. Specifically,
when fold and rotate are both disabled, a single, long scan
chain 1s provided. With respect to the output of the embodi-
ment depicted 1n FIG. 9, tlip-flops 1-8 receive scan input in
sequential order. When fold 1s disabled and rotate 1s enabled, 20
a long scan chain with reordered output 1s provided. Specifi-
cally, scan 1input 1s provided to flip-tlops 1-4, then flip-flop 8
and then flip-flops 5, 6, and 7. When fold 1s enabled and rotate
1s not enabled, multiple short scan chains are provided. Thus,
the outputs of the embodiment of FI1G. 9 are from flip-flops 1, 25
2, 3 and 4 1n sequential order, and separately from flip-flops 5,

6, 7, and 8 1n sequential order. When both fold and rotate are
enabled, multiple short scan chains with reordered outputs are
provided. Thus, with respect to FIG. 9, the outputs are flip-
flops 1, 2, 3 and 4 sequentially and flip-flops 8,5, 6 and 7. 30

Another embodiment of a method for reconfiguring scan
chains 1s depicted 1n the flowchart of FIG. 11. As shown 1n
FIG. 11, the method may be construed as beginning at block
1102, where multiple scan chains of flip-tlops are provided. In
block 1104, data adjacencies are analyzed. Specifically, a 35
determination 1s made as to whether the testing of one more
components of an integrated circuit that includes the scan
chains requires the reconfiguring of data of one or more scan
chains of the integrated circuit. In block 1106, at least a
portion of at least one of the scan chains 1s rotated and/or 40
folded as required to implement the required test.

Note that the functionality associated with embodiments of
methods for reconfiguring scan chains can be embodied in
systems that are implemented 1n software, hardware and/or
combinations thereof. When implemented in hardware, 45
embodiments of the systems can be implemented with one or
a combination of various technologies. By way of example,
the following technologies, which are each well known 1n the
art, can be used: a discrete logic circuit(s) having logic gates
for implementing logic functions upon data signals, an appli- 50
cation specific integrated circuit(s) (ASIC) having appropri-
ate combinational logic gates, a programmable gate array(s)
(PGA), and a field programmable gate array(s) (FPGA).

When implemented in software, embodiments of such a
system can be stored on any computer-readable medium for 55
use by or 1n connection with any computer-related system. In
the context of this document, a computer-readable medium 1s
an electronic, magnetic, optical, or other physical device or
means that can contain or store a computer program for use by
or 1 connection with a computer-related system. For 60
example, a computer-readable medium can be any means that
can store, communicate, propagate, or transport a computer
program for use by or in connection with an instruction
execution system, apparatus or device. The computer-read-
able medium can be, for example but not limited to, an elec- 65
tronic, magnetic, optical, electromagnetic, infrared, or semi-
conductor system, apparatus, device or propagation medium.

6

An embodiment of a system for designing ICs that 1s imple-
mented 1n software 1s depicted schematically in FIG. 12,
where the system 1s associated with a computer or processor-
based system 1200. Generally, computer 1200 includes a
processor 1202, memory 1204, and one or more input and/or
output (I/0O) devices 1206 (or peripherals) that are communi-
catively coupled via a local interface 1208. The software 1n
memory 1204 can include one or more separate programs,
cach of which comprises an ordered listing of executable
instructions for implementing logical functions. In the
example of FIG. 12, the software in the memory 1204
includes an operating system (O/S) 1210 and system for
reconfiguring scan chains 1220.

The system for reconfiguring scan chains 1220 includes
executable mstructions that can be executed by the processor
for carrying out the desired functionality, such as that
described above with respect to FIG. 11. Note that the system
1200 can include or be a portion of automatic test equipment
(ATE) that can be used to test an IC. Thus, in some embodi-
ments, such an ATE can be used to provide appropriate inputs
for testing an IC, e.g., scan inputs, rotate enable and/or fold
enable signals.

It should be emphasized that many variations and modifi-
cations may be made to the above-described embodiments.
All such modifications and variations are intended to be
included herein within the scope of this disclosure and pro-
tected by the following claims.

The mvention claimed 1s:

1. A method for reconfiguring a scan chain, comprising:

providing a first scan chain of flip-flops;

determining whether the first scan chain 1s to be operated 1n

either a normal mode or a rotate mode;
providing mputs to the flip-tlops 1n sequential order such
that a first of the flip-flops receives an input prior to a
second of the flip-flops 11 it 1s determined that the first
scan chain 1s to operate in the normal mode; and

providing inputs to the flip-flops such that the first of the
tlip-flops receives an mput subsequent to the second of
the flip-flops 1 1t 1s determined that the first scan chain 1s
to operate 1n the rotate mode.
2. The method of claam 1, wherein the first scan chain
comprises multiple segments of tlip-tlops, the first and second
tlip-tflops corresponding to a first of the segments; and
wherein determining whether the first scan chain 1s to be
operated 1n either a normal mode or a rotate mode com-
Prises:

determining whether the first segment 1s to be operated 1n
cither a normal mode or a rotate mode and whether a
second of the segments 1s to be operated in either a
normal mode or a rotate mode.

3. The method of claim 1, wherein, 1n providing inputs to
the flip-tlops such that the first of the flip-tlops recerves an
input subsequent to the second of the flip-flops, the first scan
chain 1s folded into multiple segments that recetve inputs 1n
parallel.

4. The method of claim 1, further comprising;

providing a second scan chain of tlip-flops operative to

receive scan input data in parallel with the first scan
chain.

5. The method of claim 4, wherein, when the first scan
chain 1s operated 1n the rotate mode, at least some of the
tlip-flops of the first and second scan chain that occupy cor-
responding data positions contain different data.

6. The method of claim 1, wherein the scan chains form
part of an mtegrated circuit; and further comprising:

analyzing data adjacencies of scan chains of the integrated

circuit.
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7. The method of claim 6, further comprising:

applying test patterns to the integrated circuit based, at

least 1n part, upon the data adjacencies.

8. A method for reconfiguring scan chains comprising;:

providing an integrated circuit having a first scan chamn and 5

a second scan chain operative 1n parallel such that flip-
flops of the first scan chain and the second scan chain
that occupy corresponding data positions contain iden-
tical scan mput data; and

selectively reconfiguring the second scan chain such that 10

tlip-flops of the first scan chain and the second scan
chain that occupy corresponding data positions do not
contain identical scan input data.

9. The method of claim 8, wherein, 1n selectively recontig-
uring the second scan chain, a last of the flip-flops of the 15
second scan chain receives scan input data prior to a first of
the flip-flops of the second scan chain such that last of the
tlip-flops of the second scan chain receives scan input data
identical to scan input data received by a first of the tlip-tlops
ol the first scan chain.

8

10. A system for reconfiguring a scan chain, comprising:

a {irst scan chain of thp-flops operative 1n either a normal
mode or a rotate mode such that, 1f the first scan chain 1s
operative 1n the normal mode, inputs are provided to the
tlip-flops 1n sequential order with a first of the tlip-tlops
receiving an mput prior to a second of the thip-tlops, and,
if’ the first scan chain 1s operative in the rotate mode,
inputs are provided to the flip-flops with the first of the
tlip-flops recerving an input subsequent to the second of
the flip-tlops.

11. The system of claim 10, further comprising:

means for determining whether the first scan chain 1s to be
operated 1n either the normal mode or the rotate mode.

12. The system of claim 10, further comprising:

an integrated circuit, wherein the first scan chain 1s a por-
tion of the integrated circuait.
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